Pre-clinical studies were carried out in order to characterize in rodents the biodistribution, the binding specificity and the metabolism of hydrophylic metabolites which cannot cross the blood brain barrier, and are rapidly eliminated in the urine. Inhibition of the metabolism by acetaminophen (chemically induced hepatitis) led to a significant increase of the radioactivity found in the circulating blood and in the brain, while these results were not observed using classical inhibitors of the cytochrome CYP450, cimetidine and ketoconazole.
Introduction
Flumazenil (Ro-1722, Anexate®) is a well known inverse agonist of the benzodiazepine receptor, and can be labeled with 11 C, a positron emitting radionucleide. It has been widely used for mapping the central benzodiazepine receptor, in vivo, using Positron emission tomography (PET) [7, 8, 10, 14, [17] [18] [19] . Nevertheless, due to its binding kinetics, mathematical modeling is required to obtain relevant quantitative parameters such as Bmax or affinity constant. These models usually require arterial blood sampling and determination of the unmetabolised fraction of the radiotracer, which is hardly convenient in routine experiment [3, 4, 9] .
The synthesis of [ [1,5a] benzodiazepine-3-carboxylate)), a Flumazenil analogue labeled with 18 F, was proposed earlier by Moerlein. It has the advantages of a longer half life, of a good affinity for the benzodiazepine receptor (Ki ϭ 11.6 nM), and was a potential candidate for in vivo imaging [15, 16] .
However, little was known about its biodistribution in vivo, its rate of biotransformation, and the fate of the metabolites [2, 12, 13] . These parameters must be known in order to be able to develop adequate modeling tools, and to validate the [ 18 F]FEF as a radiotracer that allows accurate quantification of the benzodiazepine receptors. We recently investigated the metabolism of [ 18 F]FEF in vitro, and isolated the main metabolites [11] .
The aim of the present study is to investigate the biodistribution of [ 18 F]Fluoroethylflumazenil in rodents, to check the specificity of the radiotracer binding in the brain, and to evaluate its metabolism in various compartments (blood, brain, urine). We first studied the kinetics profile for the organ distribution in rat and in mice, and compared it to the biodistribution of [ 3 H] Flumazenil as standard. The specificity of binding in the brain was evaluated by a displacement experiment using cold Flumazenil. Various metabolism inhibitors were also used to assess the influence of the metabolism on the uptake of the radiotracer in the brain.
Finally, the fate of the radiotracer in the blood, brain and urine was monitored using HPLC. 
Materials and methods

Preparation of
Biodistribution studies
All animal experiments were performed in compliance with the local ethics committee.
Male wistar rats (Animalerie facultaire, Université catholique de Louvain, Brussels, Belgium) weighing 250 -300 g were anesthetized with ketamine/xylazine (80 mg/kg ϩ 8 mg/kg IP) and injected with 3700 -5550 kBq of [ 18 F]FEF in the femoral vein. Animals were sacrificed by decapitation at various time points. Blood and various organs (kidneys, spleen, liver, heart, lungs, muscle, brain) were rapidly removed, and weighted samples of each organ were counted on a Wallac NaI well counter (Wallac 1480 Wizard 3, Wallac Oy, Turku, Finland). Standard solutions of [ 18 F]FEF were counted in the same conditions. Data were corrected for dead time (less than 10%) and for physical decay. Results are expressed as percent of the injected dose per gram of wet tissue (%ID/g), and are the mean of five animals per time point.
A biodistribution study in male NMRI mice (Animalerie facultaire, Université catholique de Louvain, Brussels, Belgium) weighing 25-35 g was similarly carried out except that [ 18 F]FEF was injected in the tail vein, without anesthesia.
A control study was conducted in male NMRI mice, using 3 ]FMZ for control, cold flumazenil was injected at an other point in the tail vein (0.1 mg/kg). Animals were killed after 5 minutes, and the organs treated as described above.
Metabolism studies
The metabolism of [ 18 F]FEF was investigated in NMRI mice, using reverse phase HPLC or TLC, to separate and quantify intact [ 18 F]FEF from its metabolites, as previously described [11] . Briefly, after IV injection of the radiotracer, mice were killed and blood was collected, centrifugated and the plasma deproteinised with acetonitrile. After centrifugation, the supernatant was evaporated, reconstituted with acetonitrile-water and analyzed by HPLC. The brain was homogenized in a phosphate buffer (150 mM, pH ϭ 7.4) using a Potter-Eveljhem. This homogenate was extracted twice with a mixture of dichloromethane-ethylacetate (90:10 v/v), and the organic layer evaporated to dryness. The recovery of the radioactivity in the organic layer was higher than 97%. The residue was then reconstituted with a mixture of water and acetonitrile, and analyzed by HPLC as described earlier. 
Biodistribution-metabolism inhibition studies
The influence of the metabolism level, and the role of the liver on the biodistribution was investigated through inhibition studies using various inhibitors. In the first two series, male NMRI mice were pretreated by IP administration of cimetidine 100 mg/kg (Sigma, Bornem, Belgium) [5, 20] , or ketoconazole 100 mg/kg (Sigma, Bornem, Belgium) [6, 21] one hour before injection of [ 18 F]FEF. Mice were killed by cervical dislocation five minutes after injection of the radiotracer, the organs removed and counted as described above.
In the third series, a hepatitis was induced with acetaminophen. Acetaminophen was dissolved in PEG 300, diluted with saline (PEG final concentration 40%) and injected IP (300 mg/kg) 24 hours before the biodistribution experiment [1, 20] . Five minutes after administration of the radiotracer, animals were killed, the organs removed and counted as described above. The liver damages were noted visually.
Results
Biodistribution in rat and mice
The biodistribution of [ 18 F]FEF in rat shows that [ 18 F]FEF is rapidly distributed in the body, and also rapidly eliminated. As there is a continuous wash-out of the tracer from the tissues, no equilibrium state is reached. The accumulation of [ 18 F]FEF in the brain is rather low if compared to non specific binding organs such as the muscle or the spleen ( Table 1) .
The general profile of the biodistribution in mice shows the same characteristics than in rat: a rapid distribution with a rapid wash-out from the tissues ( Table 2) . As in rats, accumulation of [
18 F]FEF in the brain is low in comparison with other organs (muscles, lung etc.).
It can be assumed that the anesthetics (ketamine/xylazine) do not interfere in the biodistribution process, since the [
18 F]FEF uptake in the brain of non anesthetized mice was comparable to the brain accumulation of the tracer in anesthetized rats.
Specificity of the binding
Although the accumulation of [
18 F]FEF in the rodents brain was surprisingly low, the competition studies of the tracer uptake with cold Flumazenil indicate that the binding is specific to the benzodiazepine receptor (Fig. 1) . Results are mean of 5 animals Ϯ S.E. unit is % injected dose/g of tissue. 
Comparison in the biodistribution
Metabolism pattern in mice
Analyses of blood and urine samples in mice showed a rapid and important in vivo biotransformation. A typical radiochromatogram of serum analysis (Fig. 3) shows two, sometimes three radiolabeled metabolites. These accounts for up to 60% of the total radioactivity recovered by HPLC. These hydrophilic metabolites are rapidly eliminated through urine, and no intact [
18 F]FEF was found in urine (data not shown). According to our previous study using HPLC-MS-MS, these metabolites correspond to compounds for which the ester lateral chain is hydroxylated, and the diazo ring N-alkyl chain is also modified. Analyses of brain homogenates showed that only the intact [
18 F]FEF was present in the CNS (Fig. 3) . Metabolites clearly do not cross the blood brain barrier.
Influence of metabolism inhibition on the biodistribution
In order to assess the influence of the metabolism on the biodistribution pattern, we used different treatments aimed at inhibiting CYP450 dependent metabolism, using cimetidine and ketoconazole, or at decreasing the number of hepatocytes (chemical hepatitis induced by acetaminophen). Table 3 .
Pre-treatment of mice by ketoconazole led to a significant decrease of the radioactivity found in the liver (ANOVA one way analysis/Bonferroni corrected T-test for multiple comparison, p Ͻ 0.0083). However, no significant change was found in the blood and in the brain. Cimetidine had no statistically significant effect. Interestingly, hepatitis due to acetaminophen led to more dramatic changes in the distribution of the radioactivity among the different organs: a significant increase of the [ 18 F]FEF was found in the blood as well as in the brain (ANOVA analysis, p Ͻ 0.01).
Discussion
Overall, the present study carried out in rodents clearly demonstrates that the [
18 F]FEF binds specifically to the benzodiazepine receptors of the brain, as it is selectively inhibited by cold Flumazenil (Fig. 1) . We also found that [ 18 F]FEF is rapidly metabolized in more hydrophilic labeled compounds, which are eliminated in the urine (Fig. 3) . These metabolites do not cross the blood brain barrier as they were not found in the brain (Fig. 3) . Therefore, the radioactivity found in the brain is only due to the intact [ 18 F]FEF. This intense metabolism (less than 40% of [ 18 F]FEF remaining intact three minutes after injection) is responsible for a lower accumulation in the brain compared to Flumazenil (Fig. 2) . Interestingly, the metabolism can be significantly inhibited by an hepatitis model, with a consequent increase of the intact compound in the circulating blood as well as in the brain (Table 3) .
That pattern was not observed after pre-treatment of mice by two CYP-450 inhibitors, cimetidine and ketoconazole. According to these results, we can assume that the liver plays an important role in the metabolism of [ 18 F] FEF, but is not significantly dependent on the CYP450 isoforms inhibited by cimetidine and ketoconazole. In our previous study describing the metabolites of FEF, we found that one major metabolite was a hydroxylated form of FEF with the hydroxyl group on the lateral chain. As this type of metabolite is not classically found in the class of benzodiazepine, it is possible that the metabolism leading to this compound is not depending on the cytochrom CYP450 isoforms inhibited by cimetidine and ketoconazole. Further studies need to be carried out to determine the specific enzymes responsible of the metabolism of [ 18 F] FEF. In a previous work, we showed that Fluoroethylflumazenil metabolism is more extensive in rat microsomes than in human microsomes [11] . As the metabolism is depending on the species, it is possible that the degradation of [ 18 F] FEF could be less rapid and less extensive in humans. First studies on human volunteers with competition studies will definitively assess the usefulness of this tracer to quantify benzodiazepine receptors in humans.
